Although the clinical features and gross pathology of neuromatous scar tissue have been well described, metabolism of collagen on the cellular level in these tissues has not been clearly defined. Knowledge of the dynamic response of peripheral nerve tissues to injury would provide the basis for therapeutic measures logically directed against excessive collagen production. Collagen immunohistochemistry and electron microscopy provide static information about collagen localization within injured nerves, but the dynamism of gene induction and expression can only be appreciated through messenger (m)RNA analysis. Localization of mRNA for procollagen in specific tissue planes implies active induction of procollagen genes in cells within those layers. Collagen metabolism is regulated at the level of transcription; therefore, measurement of procollagen mRNA accurately reflects collagen protein production. 11, 12 Fibroblasts are, of course, known to produce collagen at the site of tissue injury. 7, 8, 17, 22 However, Schwann cells can also produce collagen in vitro and in vivo. 5, 13 In addition to its usefulness as a quantitative assay, in situ hybridization with an RNA probe against native procollagen type I Sciatic nerves in 20 male or female adult Lewis rats were crushed for 60 seconds; the unharmed contralateral sciatic nerves served as controls. Twenty-one days after injury the experimental animals were killed and their tissue was harvested. The spatial expression of collagen type I was determined by using in situ hybridization techniques. Quantification of fibroblast number and total signal was performed through computerized morphometry. Collagen upregulation was evident in epineurial and perineurial layers, with the epineurium displaying higher activity. The cells responsible for procollagen type I production were fibroblasts. No activity was seen in the endoneurium.
Morphometric findings indicated that collagen upregulation in the epineurium and perineurium occurred at both pretranscriptional and posttranslational levels when compared to controls; a paired t-test analysis confirmed statistical significance for all comparisons between injured and control tissues.
Epineurial fibroblasts are responsible for the collagen production associated with crushed peripheral nerve injury in the rat. Regulation occurs pretranscriptionally as well as posttranslationally. It is interesting to speculate that the delivery of agents directed against collagen production (such as neutralizing antibodies to growth factors) into epineurial tissues proximate to the time and location of clinical nerve injury might mitigate later deleterious effects of excess collagen production in axonal regeneration.
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C mRNA allows descriptive analysis of the cellular sources of collagen production.
In the current experiment, a standard rat sciatic nerve crush injury model 2 was used to study the postinjury metabolism of the predominant collagen species, type I. Assays were performed 21 days after injury, the time at which procollagen type I mRNA expression is maximum. 17 A
35
S-labeled RNA probe against the C-propeptide coding region of human ␣ 1 procollagen (type I) mRNA was used. The high degree of collagen structural homology among mammalian species allows use of a human probe against rat procollagen type I mRNA. 10 The RNA-RNA hybridization is extremely specific and allows precise localization of cellular mRNA production. Therefore, cell type as well as tissue layer are identifiable. Collagen mRNA quantification and localization are the first steps in developing rational therapeutic strategies of collagen manipulation in injured nerve to prevent the conduction block associated with collagen scar production.
Materials and Methods

Experimental Animals
Twenty male or female adult Lewis rats, each weighing 250 to 300 g, were used in this study. The animals received an unrestricted diet of dry food pellets and water.
Wounding Protocol
Anesthesia was induced in each animal with intraperitoneal sodium pentobarbital, after which both sciatic nerves were exposed. One nerve was isolated 1 cm distal to the sciatic notch and crushed between a No. 5 jewelers' forceps for 60 seconds; this generated a Sunderland 21 Grade II-equivalent (axonotmesis) injury. 2 The contralateral control sciatic nerve was exposed in the same fashion but was not injured or manipulated. The animals' wounds were closed in a single layer with No. 5-0 chromic gut suture through the skin. The animals tolerated the operation well and were able to maneuver about their cage environments without difficulty. Twenty-one days after surgery, the experimental animals were killed and both injured and control tissue samples were harvested. Tissue samples were taken 1 cm distal to the sciatic notch in both hindlimbs, through the area of injury.
Tissue Fixation and Embedding
All tissue processing and hybridization protocols were performed according to the method of Prosser, et al. 10 Tissue samples were fixed in 10% neutral buffered formalin overnight at 4˚C, dehydrated through a graded ethanol series (30%, 50%, and 70%, sequentially), embedded in paraffin, and cut into 5-m-thick sections. The sections were floated in a sterile water bath, picked up onto acidwashed glass slides, and dried at 42˚C over a period lasting several hours. The level of fixation and the tissue morphology were assessed by staining tissue samples at this stage with hematoxylin and eosin. Tissue specimens from each animal were processed under identical conditions for all stages of in situ hybridization.
Tissue Pretreatment
Selected slides were baked at 55˚C for 4 hours, deparaffinized in xylene, dehydrated through graded ethanol (50-100%), and air dried. The slides were then rehydrated in phosphate-buffered saline for 5 minutes. Control slides were treated with RNase A to destroy endogenous RNA; experimental slides were treated with nucleasefree proteinase K. All slides were washed, dehydrated, and air dried.
Collagen Probe Preparation
Briefly, Hf677, a 1.5-kb complementary DNA corresponding to 700 bp of the C-propeptide coding region and the first 800 bp of the ␣-helical coding region of the human procollagen type I mRNA, was provided in plasmid form (pSP65). The plasmid was linearized with Aval such that only the first 700 bp were transcribed. Transcription was performed using SP6 RNA polymerase and ␣-[ 
Hybridization of RNA-RNA
Pretreated slides were processed with prehybridization solution. Freshly made hybridization solution (25 l/section) was added and the slides were covered with siliconized coverslips. The slides were incubated overnight in humidified chambers at 42˚C. The following day, several washes were followed by dehydration and processing for autoradiography.
Autoradiographic Study
The washed slides were dipped in photographic emulsion at 42˚C and then dried slowly in a highly humidified atmosphere. After being placed in a light-tight wrapper, the slides were stored at 4˚C for 14 days so that exposure could occur. The slides were processed in developer at room temperature and counterstained with hematoxylin and eosin. Darkened silver grains could be visualized in regular light and by darkfield microscopy; specificity was confirmed by noting that cells were present under areas of developed silver grain signal.
Morphometric Analysis
Details of morphometric analysis techniques have been previously published. 9 After completion of autoradiography, the sections were placed under ϫ 400 magnification and the images were captured by a charge-coupled device connected to an image analyzer. Pixels were then generated on the basis of a relative gray scale differentiation of silver grains and underlying cell nuclei stained with hematoxylin and eosin. Individual silver grains (signal) and cell nuclei were counted by the charge-coupled device, and the signal/cell ratio was determined. This ratio was compared between fields and between sections to arrive at a relative measure of cellular collagen-synthetic activity. This method of signal quantification has been previously described, 9 but has not been applied to nerve injury models. Three fields were counted for each specimen. Student's paired t-test analysis was performed on all field measurements.
Sources of Supplies and Equipment
The Lewis rats were obtained from Harlan Sprague-Dawley, Indianapolis, IN. Tissue was pretreated with RNase A or nucleasefree proteinase K, both of which were purchased from Sigma Chemical Co. In the autoradiographic study, we used Kodak NTB-2 photographic emulsion and Kodak D19 developer, both of which were provided by Eastman Kodak Co. (Rochester, NY). In the morphometric analysis, we used an image analyzer from LECO Corp. (Longueuil, Quebec, Canada).
Results
Procollagen type I activity was seen primarily in epineurial and perineurial areas surrounding the sciatic nerve. This was the case in both control and crushed nerves. The number of cells and the signal/cell ratio were both significantly increased in the crushed nerves. The cells underlying the signal appeared to be fibroblasts and no signal was noted within endoneurial layers or between axons. Schwann cells did not appear to be associated with signal in this model.
In the normal nerve, a few scattered fibroblasts in the perineurium and epineurium were associated with signal, but no signal apart from that of the background was seen in the endoneurium (Fig. 1 upper left) . At a higher magnification ( Fig. 1 upper right) , the difference between the signal in the epineurium and the lack of activity in the endoneurium and periaxonally was clearly demonstrated. Minor artifactual signal was seen in the lower left corner of the image, above the endoneurial tissue. No cells were seen beneath this signal, indicating that it was probably due to developed photoemulsion that had been retained after washing.
The findings in the crushed rat sciatic nerve were significantly different (Fig. 1 lower) . A dramatic increase in both cell number and total signal in the epineurium and the perineurium was clearly evident (Fig. 1 lower  left) . The delineation between structures inside and outside the endoneurium was remarkable and was constant between specimens and sections. A high power view ( Fig.  1 lower right) demonstrated the lack of signal within the endoneurial boundary.
Morphometric analysis demonstrated that the number of cells per high power field was increased in crushed nerve sections; in addition, the total mRNA signal was also elevated to such an extent that the signal/cell ratio was more than twice that of control specimens (Table 1) .
Discussion
Peripheral nerve trauma accompanies varying levels of injury and is traditionally classified into Sunderland's 21 five patterns of impairment (Mackinnon's 6 modification adds a sixth grade for combined injury). Increasing grade of injury is correlated with poorer prognosis for recovery. 7, 22 Although primarily a clinical system, Sunderland's 21 classification is theoretically based on the anatomical level of injury; however, there are few anatomical studies confirming this paradigm, in part because of the difficulty in creating animal models that represent all six phases of injury. The rat sciatic nerve crush model in the current report has been previously described and represents a second degree injury, or axonotmesis. 2 The major components of nerve ECM include collagen types I, 17 III, 17 and IV, 18 as well as laminin 18 and fibronectin.
14 After trauma, peripheral nerve tissues induce as well as repress several thousand mRNA species, including those ECM molecules described above; many isolated mRNA species appear to be novel to the process of wounding. 4 Our current interest lies in the neural metabolism of collagen type I because of its significant role in the production of the posttraumatic neuromatous scar responsible for a conduction block. In the rat sciatic nerve, collagen type I is found primarily in the epineurium and perineurium and minimally in the endoneurium.
Fibroblasts are present in all connective tissue layers of the peripheral nerve, although the majority occur in the epineurium of mature uninjured nerve. 17, 18 Theoretically, Grade IV and higher injuries to peripheral nerves will result in activation of fibroblasts in all three areas with resulting collagen production; endoneurial collagen production would, of course, be most significant in terms of potential mechanical conduction block from axon compression. However, because of the long halflife of mature collagen fibrils, this activity takes place at very low levels. 5 The presence of endoneurial collagen type I might be due to deposition during embryonic development as a structural element; 15 there is some evidence that collagen is required for axonal outgrowth during development of mammalian peripheral nerves, and fibroblasts seem to be essential to the process. 3, 17, 19 Nerve regeneration in the adult mammal will occur distally along the bands of Bungner, the basement layer remnants of Schwann cells found after Wallerian degeneration. 7 The collagen associated with adult peripheral nerve injury teleologically is required for mechanical support of the injured epineurium only; unrestrained induction of collagen type I results in a conduction block as a secondary phenomenon. It has been suggested that arrival of regenerating axons to the distal nerve stump after injury will reduce the amount of collagen deposited within the endoneurium; 19 delaying the establishment of a scar block might facilitate this beneficial phenomenon and assist functional recovery.
In this study there was no evidence of endoneurial collagen production in any specimen. This is probably due to the low grade injury (Sunderland's 21 Grade II) produced by the experimental crush.
2 It is also possible that by Day 21 after crushing, axonal regrowth through endoneurial sheaths in the zone of injury has eliminated the stimulus for induction of procollagen type I in endoneurial cells. A nerve transection (Grade V) model has shown expression of collagen type I by fibroblasts within endoneurial tissues of rat sciatic nerve, but at lower levels than epineurial tissue. Schwann cells did not appear to generate procollagen type I mRNA in our model, although in vitro and in vivo studies in other model systems have confirmed their ability to do so. Total fibroblast numbers increased in our crushed nerve specimens and the production of procollagen type I mRNA (and, proportionally, gene induction) per cell also increased. This finding is in agreement with transcription-level regulation of collagen type I.
Localization of the main collagen-producing capability of peripheral nerve to extraneurial and endoneurial tissues has interesting clinical implications. The introduction of therapeutic agents into the epineurium is feasible because axons will not be directly traumatized by the intervention; our findings support the concept of epineurial therapy because after injury the majority of active fibroblasts seem to reside in the epineurium. Establishment of the molecular levels of regulation allows targeted anticollagen therapy, including such agents as antisense nucleotides, antibodies to various elements in the collagen production cascade, and antibodies to growth factors involved in collagen gene induction. Delivery systems might include direct epineurial injection, topical application, and targeted gene therapy via viral transfection. Future experiments will define the interventional techniques that are most effective in modulation of collagen in injured peripheral nerves. Analysis of mRNA by quantitative in situ hybridization offers an new approach to the evaluation of modalities directed at decreasing scar formation following nerve injury. 
